PEDF null mutations result in Osteogenesis imperfecta type VI {#s0001}
=============================================================

Osteogenesis imperfecta (OI) type VI is an autosomal recessive disease characterized by defects in bone mineralization and multiple fractures starting at 6 months of age.[@cit0001] The single gene defect in OI type VI is *Serpinf1*, which encodes for the circulating protein pigment epithelium-derived factor (PEDF).[@cit0002] Several truncation mutations in *Serpinf1* have been reported, which result in complete absence of circulating PEDF.[@cit0002] The histological hallmark of bones from OI type VI patients is an excess of bone matrix (osteoid) that is inadequately mineralized. These features are recapitulated in the murine model of OI type VI.[@cit0006]

In addition to null mutations, homozygous in-frame deletion or insertion mutations in the *Serpinf1* gene cause retention or degradation of PEDF within intracellular compartments and result in markedly reduced PEDF secretion with a clinical presentation resembling the PEDF null state.[@cit0007] In this form of OI type VI, PEDF levels are more than 10-fold lower than in normal individuals, and clinical presentation may appear at a more advanced age than in patients with complete absence of PEDF. Further, a subtype of OI type V with a S40L mutation in the protein product of the *IFITM5* gene results in a histological bone phenotype indistinguishable from the PEDF null state.[@cit0008] Mutations in the PEDF gene and its involvement in another OI subtype have provided evidence to support a role for PEDF in bone development.

A brief perspective on PEDF biology {#s0001-0001}
-----------------------------------

PEDF is a 50kDa secreted glycoprotein that was first identified and isolated from the conditioned medium of cultured human fetal retinal pigment epithelium cells.[@cit0009] The PEDF gene, *Serpinf1*, is located on chromosome 17p13 and expressed in many tissues.[@cit0010] The highest expression levels found in adult humans are in the liver and then adipose tissue.[@cit0011] Expression in organs such as the eye, heart, pancreas and others indicate a broad distribution for this protein.[@cit0011] Circulating levels in human sera are typically ∼100 nM in normal-weight individuals,[@cit0013] are increased in the obese and in patients with metabolic syndrome to approximately 500 nM,[@cit0014] and are undetectable in those with Osteogenesis imperfecta type VI.[@cit0005]

Prior to the discovery of the PEDF null state in humans as OI Type VI, functional studies highlighted neurotrophic and anti-angiogenic effects of PEDF.[@cit0015] More recently, numerous studies identified serum PEDF levels as a biomarker of metabolic syndrome, with circulating levels correlating with the degree of adiposity or metabolic dysfunction.[@cit0014] Ma and colleagues first provided evidence that offered a unifying explanation for these wide-ranging findings. In retinal epithelial cells, PEDF physically interacted with the Wnt co-receptor low density lipoprotein receptor-related protein 6 (LRP6) and inhibited canonical Wnt ligand-mediated effects.[@cit0019] Based on these findings, we found that the PEDF protein could direct murine and human mesenchymal stem cells (MSCs) to the osteoblast lineage while impeding adipogenesis in a temporally restricted manner.[@cit0020] Deletion of LRP6 from progenitor cells abrogated these PEDF-mediated effects.[@cit0020] The discovery by our group that PEDF-null mice displayed both reduced bone mass and increased adiposity provided *in vivo* confirmation that PEDF regulates the differentiation of MSCs to the bone cell lineage, at the expense of adipogenesis.[@cit0020]

PEDF enhances osteoblast differentiation *in vitro* and bone mass *in vivo* {#s0001-0002}
---------------------------------------------------------------------------

Our group and others have demonstrated that PEDF can direct MSCs to the osteoblast lineage and regulate genes involved in osteogenesis.[@cit0020] Niyibizi and colleagues reported that exogenous PEDF led to enhanced mineralization and increased expression of osteoblast-related genes, such as alkaline phosphatase in human MSCs.[@cit0021] PEDF knockdown in hMSCs led to a significant decrease in osteoblast differentiation and mineralization with rescue of differentiation by exogenous PEDF.[@cit0021] PEDF also enhanced β-catenin levels while suppressing endogenous inhibitors of Wnt signaling that inhibit bone formation, such as sclerostin.[@cit0020] The anatomical localization of increased PEDF by *in situ* hybridization and staining within proliferative and hypertrophic zones of the epiphyseal growth plate and in osteoblasts lining the bone spicule is consistent with a role in osteoblast differentiation.[@cit0023] In contrast, PEDF expression toward the base of the growth plate and in mature (9 week-old) animals was nearly absent.[@cit0023] Thus, a PEDF-directed effect on MSC to osteoblast differentiation and its presence on regions of new bone development provide a basis for explaining how the absence of PEDF results in inadequate bone formation. Next, we provide an overview of our recent work.

In our recent work[@cit0051] we tested the ability of PEDF to increase bone mass in adult wild-type and PEDF-null mice.[@cit0025] PEDF protein delivery had no effect on bone mass in wild-type mice, but systemic injection of PEDF in fully mature null mice increased trabecular bone mass by 50% at 4 weeks. Subsequently, PEDF delivery in young (19 day-old) PEDF null mice led to a modest increase in bone mass. These trophic effects were accompanied by functional studies that demonstrated improved bone plasticity in the setting of PEDF reconstitution. The relatively modest effect on bone mass in younger compared to fully mature mice provided us additional clues as to the mechanisms of PEDF-directed bone differentiation. As noted, a pathological hallmark of OI type VI and the PEDF-null mice is the presence of excess and unmineralized bone matrix or osteoid. This likely represents a defect in terminal osteoblast differentiation leading us to speculate that accumulation of unmineralized osteoid was more abundant in the older PEDF-null mice. Thus, restoration of PEDF and the greater increase in bone density in older mice might reflect a PEDF effect oN-Terminal differentiation of osteoblasts and mineralization of more abundant osteoid in older mice. This will require further confirmation.

To delineate the mechanisms by which PEDF enhances bone mass, we examined its effects on Wnt signaling and its modulation of the canonical Wnt3a ligand in human MSCs undergoing differentiation to osteoblasts.[@cit0025] The temporal course of Wnt signaling during differentiation was assessed using a Wnt-β-catenin-GFP reporter. In human MSCs, Wnt-GFP reporter activity was most robust early and was nearly absent at the end of 21 d of MSC to osteoblast differentiation. In contrast, MSCs in non-osteogenic media showed increasing Wnt-GFP activity over time. PEDF secretion was minimal at early time points and gradually increased through osteoblast differentiation. Given this reciprocal regulation between Wnt activity and PEDF secretion, we modeled unopposed Wnt stimulation by providing exogenous Wnt3a ligand throughout the course of differentiation. Continuous Wnt3a exposure led to less well-differentiated MSCs, as determined by diminished mineralization compared to cells in osteoblast differentiation media alone. The combination of continuous Wnt3a ligand and PEDF, provided in the final 8 d of differentiation, normalized mineralization. These results indicate that PEDF antagonizes the effects of Wnt3a ligand and allows for terminal differentiation of hMSCs. We further demonstrated that, like the well-known Wnt signaling inhibitor DKK1, PEDF has an inhibitory effect on the activation status of the Wnt co-receptor LRP6.[@cit0026] Similar to PEDF, silencing of DKK1 blocked terminal osteoblast differentiation,[@cit0027] thereby indicating that multiple endogenous mechanisms are required to turn off Wnt signaling to allow for osteoblast differentiation. Determination of the precise temporal regulation of osteoblast differentiation by PEDF, DKK1 and other Wnt modulators will require additional investigation.

Prior to our work, another group published that PEDF restoration had no effect on bone mass in PEDF-null mice.[@cit0028] Since our work reached the opposite conclusion, differences in these studies may explain the divergent findings. Rajagopal *et al* used a viral vector delivery system that achieved serum PEDF levels \>1000 µg/mL. These levels are far outside of the normal physiological range of PEDF reported in mice and humans. PEDF levels in wild-type mice reported by our group and others ranged from ∼10--120 ng/mL.[@cit0029] In humans, PEDF levels are ∼5--20 µg/mL.[@cit0013] PEDF levels obtained using a viral vector delivery system were, therefore, several magnitudes higher than levels reported in mice or humans. Prior functional studies of PEDF biology identified paradoxical effects with higher concentrations of PEDF.[@cit0031] The mice used in that study were much older mice (6 months at sacrifice) than those used in our study (\<3 weeks of age). Thus, several factors in that study differ from our paper, which found a trophic effect on bone mass with PEDF restoration.

PEDF-null iPSCs display key features of OI type VI {#s0001-0003}
--------------------------------------------------

Generation of iPSCs from a PEDF-null patient has allowed us to evaluate the effects of PEDF loss on osteoblast differentiation and determine whether PEDF could correct these defects. The patient was a 2-year old child who presented with multiple fractures. Sequencing of the PEDF gene identified an in-frame duplication of 3 amino acids (p.Ala91_Ser93dup) that had also been described by Al-Jallad et al.[@cit0007] In that study overexpression of the mutant PEDF sequence into osteoblasts resulted in diminished collagen type I deposition and mineralization.[@cit0007] The iPSCs generated from our patient were confirmed to express pluripotency markers and had the ability to differentiate toward the mesenchymal lineage (data not shown). Significantly, when these iPSCs were differentiated in osteogenic media, collagen I expression was reduced compared to control iPSCs ([Fig. 1A](#f0001){ref-type="fig"}). In addition, the expression of the gene for bone sialoprotein, *IBSP*, was increased 25-fold in 2 separate lines derived from 2 different iPSC clones compared to cells from control iPSCs ([Fig. 1B](#f0001){ref-type="fig"}). Exogenous PEDF added to differentiated OI VI iPSCs reduced IBSP expression and protein ([Fig. 1C and D](#f0001){ref-type="fig"}). This finding is notable because bone sialoprotein is a major constituent of the extracellular matrix secreted by osteoblasts and other cells. Overexpression of IBSP in mice results in decreased bone mass, indicating that regulation of bone matrix proteins can determine bone development and density.[@cit0032] Thus, PEDF regulation of IBSP in iPSCs derived from an OI VI patient identifies PEDF-mediated regulation of another matrix protein that regulates bone development. Figure 1.Wildtype (WT) or OI6 iPSC-derived MSCs were differentiated for 21 d in osteogenic media. (A) Col1A1 qPCR on WT and 3 OI6 iPSC-derived clones. (B) IBSP qPCR on WT and 3 OI6 iPSC-derived clones. (C) IBSP expression on WT and clone1 with PEDF treatment. (D) Immunoblots for IBSP protein from WT or OI6 clone 1 cells. Where indicated, 300 ng/ml PEDF was added to the culture media on days 14--21. error bars = SEM, 3--6 biological replicates per group.

Conclusion {#s0001-0004}
----------

In retrospect, the original studies on PEDF biology strongly suggested its role in modulating a fundamental developmental signaling pathway. PEDF was first identified as a neuronal differentiation factor that induced retinoblastoma (Rb) cells to adopt neuronal markers characteristic of a terminally differentiated state.[@cit0010] These differentiating effects were further demonstrated *in vivo* with the observation that recombinant PEDF stimulated poorly differentiated neuroblastoma cells into a mature cellular phenotype.[@cit0036] Paradoxically, treatment of Rb cells with PEDF and *in vivo* transplantation led to massive tumor growth indicating that PEDF has striking context-specific effects.[@cit0037] This is reflected in the ability of PEDF to promote stem cell renewal in certain stem cell populations,[@cit0038] while other studies suggest a role for PEDF in their differentiation.[@cit0019]

Many rare human genetic diseases with gain or loss of bone mass converge on aberrant Wnt signaling.[@cit0042] Since Wnt signaling plays a fundamental role in development and adult tissue homeostasis, it is not surprising that many regulators of Wnt signaling display broad functional effects outside of bone development.[@cit0042] In a similar manner, OI type VI has provided insights into PEDF\'s role in bone development and its other well-known functions. A Wnt signaling effect by PEDF has now been described in diverse tissue sites including the retina, skin, liver, and now bone with the common finding that PEDF inhibits Wnt signaling in differentiated and cancer cells.[@cit0019] In recent years, a vital role for Wnt signaling has been attributed to common diseases such as diabetes and the aberrant angiogenesis found in diabetic retinopathy.[@cit0045] The strong overlap of PEDF biology with these disorders warrants investigation to determine whether PEDF-directed modulation of Wnt signaling occurs in this context. This would further support the idea that PEDF is a circulating inhibitor of the canonical Wnt signaling pathway.

Methods {#s0002}
=======

Patient material {#s0002-0001}
----------------

Informed consent was obtained from the parents of a 2 year-old child with newly diagnosed OI Type VI. The IRB of the Children\'s Hospital of Eastern Ontario and Yale University School of Medicine approved this study.

Generation of iPSCs {#s0002-0002}
-------------------

iPSC cells were created from peripheral leukocytes using episomal non-integrating plasmids.[@cit0050] Expression of SOX2, OCT4 and NANOG pluripotency markers was verified by qPCR. Cells were differentiated toward an MSC lineage by passaging on normal cell culture plastic in 10% FBS, 67% DMEM, 22% F12. Confirmation of MSC markers (cd29, cd73 and nCAD) was confirmed by qPCR. MSC-like cells were differentiated into osteoblast-like cells in standard osteogenic media consisting of 10% FBS, MEM α + 50 µg/ml ascorbic acid 2-phosphate, 10 nM dexamethasone, and 2.5 mM β-glycerol phosphate. After 21 d in osteogenic media, Trizol extracts were made, and RNA and protein isolated.
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